BACKGROUND: Serum chloride is an important homeostatic biomarker in left heart failure, with significant prognostic implications. The impact of serum chloride in the long-term survival of patients with pulmonary arterial hypertension (PAH) is unknown. We tested whether serum chloride levels are associated with long-term survival in patients with PAH.
Pulmonary arterial hypertension (PAH) is a condition characterized by progressive narrowing of the pulmonary artery that can lead to right heart failure and death. 1 PAH can be associated with a variety of conditions, including idiopathic and heritable forms. 2 There is a growing need to identify biomarkers that can predict outcomes in PAH. At this point, the only blood biomarker routinely used in clinical practice and recommended by current guidelines is the brain natriuretic peptide (BNP). 2, 3 There is mounting evidence to suggest that high creatinine 4 and low sodium 5 in serum are associated with increased mortality in PAH. In addition, patients with PAH with hyponatremia have worse functional class, more pronounced hemodynamic and ECG severity, and higher hospitalization rates. 5, 6 Chloride is the principal extracellular anion accounting for two-thirds of negative charges and one-third of plasma tonicity. 7 Serum chloride has been appreciated as an important homeostatic biomarker in left heart failure, with significant prognostic implications. 8 In patients with left heart failure, evidence suggests that hypochloremia is associated with increased mortality and that serum chloride may be better than serum sodium in predicting outcomes, [9] [10] [11] possibly by reflecting a broader homeostatic imbalance. 10 The impact of serum chloride in right heart failure resulting from PAH has remained largely ignored. We hypothesize that in patients with idiopathic or heritable PAH, serum chloride levels are associated with long-term survival, particularly when adjusted by serum sodium levels, renal function, and prostacyclin analog use.
Methods

Patient Selection
This retrospective study was approved by the Cleveland Clinic institutional review board (study number . Written informed consent was waived. Patients with either idiopathic or heritable PAH were identified from the Cleveland Clinic Pulmonary Hypertension Registry. We included patients who had a basic metabolic panel done at the time of their diagnostic right heart catheterization (RHC) between January 2000 and January 2017. Data from patients seen by the pulmonary vascular group before May 2005 were entered retrospectively, whereas subjects seen after that date were entered prospectively. All patients had precapillary pulmonary hypertension (PH) characterized by a mean pulmonary artery pressure (mPAP) $ 25 mm Hg, pulmonary artery wedge pressure (PAWP) # 15 mm Hg, and pulmonary vascular resistance (PVR) > 3 Wood units. 2, 12 Two PH specialists (R. A. D. and A. R. T.) agreed on the PAH etiology based on the review of the patient's medical records and current guidelines.
2,13
Data Collection
At the time of the diagnostic RHC, we collected the serum measurements of sodium, potassium, chloride, bicarbonate, BUN, and creatinine. All blood tests were performed at Cleveland Clinic using standard methodology. At the time of the serum determinations, we recorded whether patients were on diuretics (including type and dose). We also collected data on demographics, BMI, prior diagnosis of hypertension, diabetes, dyslipidemia and OSA, functional status, N-terminal pro BNP (NT-pro-BNP) in serum, distance walked in the 6-min walk test, left atrial area, and right ventricular function (based on visual estimation and tricuspid annular plane systolic excursion) by echocardiography as close as possible to the diagnostic RHC. Hemodynamic measurements included right atrial pressure, mean pulmonary arterial pressure (mPAP), PAWP, transpulmonary gradient (mPAP-PAWP), cardiac index, and PVR. At 6 months from the diagnostic RHC, we recorded the same serum measurements as baseline and documented whether patients were receiving PAHspecific therapies (particularly parenteral prostacyclin analogs) or any diuretics, including type and dose. We estimated the glomerular filtration rate, both at baseline and 6 months, using the Modification of Diet in Renal Disease study equation. 14 
Statistical Analysis
Continuous variables are summarized using mean AE SD or median and interquartile range (IQR) when appropriate. Categorical variables are presented as n (%). Continuous and categorical variables were tested using t and c 2 tests, respectively. Associations between variables were tested with Pearson correlation coefficient and/or linear regression. We examined the impact of different variables on survival using Kaplan-Meier analysis and Cox proportional hazards model. Cox models were adjusted by potential confounders that were prespecified and included age, sex, use of diuretics or parenteral PAH therapies, and PVR. The starting point for the survival analyses was the date of the electrolyte determination either at the time of the diagnostic RHC (when examining baseline serum chloride) or at 6 months (when testing the 6-month chloride determination or the difference in serum chloride between baseline and 6 months). Patients were censored at the time of lung transplantation and followed until death or end of the study in January 2017. Interactions among variables were checked. Results are given as hazard ratio (HR) with the 95% CI.
Receiver operating characteristic curves with Youden index were used to identify the best cutoff to predict mortality at 2 years. Results are reported as area under the curve (AUC) with 95% CI. All P values were reported as two tailed; a value < .05 was considered statistically significant. Statistical analyses were performed using the statistical packages SPSS, version 17 (IBM), and MedCalc, version 14.12.2 (MedCalc Software bvba).
Results
Baseline Characteristics
We identified 292 consecutive patients with idiopathic or heritable PAH who underwent a diagnostic RHC at Cleveland Clinic. We excluded 15 patients who did not have electrolyte or renal function measurements at the time of the initial RHC. A total of 22 patients did not have available electrolyte or renal function measurements 6 months after the initial RHC and one subject underwent lung transplantation before the 6-month interval; therefore, we included 277 patients in this study with a mean age of 51 AE 18 years (73% women). Idiopathic PAH was present in 243 (88%) patients, whereas the rest had heritable PAH. Functional, echocardiographic, and hemodynamic determinations are presented in Table 1 . A total of 254 patients had a follow-up electrolyte determination at 6 months after the diagnostic RHC with a median (IQR) difference between baseline and 6-month serum chloride of 6 (5-8) months.
Laboratory Determinations
At baseline, serum chloride, sodium, and creatinine levels were 102.9 AE 3.9 mM/L, 139.2 AE 3.0 mM/L, and 1.03 AE 0.45 mg/dL, respectively (n ¼ 277). Baseline and 6-month laboratory determinations, for subjects who had both, are shown in Table 2 (n ¼ 254). No significant differences were noted between these measurements except for a small decrease in serum potassium (0.07 AE 0.57 mM/L) at 6 months.
Serum Chloride
A serum chloride # 100 mM/L (based on Youden index) was noted in 65 (24%) and 53 (21%) patients at diagnosis and 6 months, respectively. Hypochloremia (chloride # 96 mM/L) was noted in 15 patients both at diagnosis and 6 months. A total of 84 (32.7%) and 121 (47.6%) patients received diuretics (predominantly loop diuretics) at diagnosis and 6 months, respectively ( Table 2 ). The majority of patients who were taking diuretics at diagnosis continued taking them at 6 months (71/84 [85%]). The use of diuretics, loop diuretics, doses, or the number of diuretics at diagnosis or at 6 months was not associated with the change in chloride during the first 6 months after diagnosis. In fact, the decrease in serum chloride at 6 months was 0.28 mM/L in patients not on diuretics vs 0.12 mM/L in those receiving diuretics at 6 months (P ¼ .76). Patients receiving parenteral prostacyclin analogs at 6 months (n ¼ 72, 28%) had higher serum chloride (103.9 AE 3.6 vs 102.5 AE 3.9 mM/L, P ¼ .008) and a significant increase in this electrolyte during the course of the first 6 months (þ0.60 AE 4.02 vs -0.52 AE 4.06 mM/L, P ¼ .049) when compared with subjects not on this treatment.
At diagnosis, we noted a modest association between serum chloride and sodium (r ¼ 0.60, P < .001), creatinine (r ¼ À0.12, P ¼ .045), BUN (r ¼ À0.23, P < .001), and bicarbonate (r ¼ À0.31, P < .001). Serum chloride at diagnosis was inversely associated with the levels of NT-pro-BNP (r ¼ À0.38, P < .001). Serum chloride at diagnosis was associated with the measurement at 6 months (r ¼ 0.43, P < .001) with a median (IQR) difference between measurements of 0 (À3 to þ2) mM/L and a range of À16 to þ13 mM/L (À16.7 to 14.0% change).
Survival Analysis
The median (95% CI) survival after the initial and 6-month laboratory determination was 105 (61-149) and 99 (55-143) months, respectively. After adjusting for age, sex, use of diuretics at baseline, and PVR, we noted that only BUN and creatinine predicted survival at PAH diagnosis (Table 3) . With the same adjustments, serum chloride, BUN, and creatinine measured at 6 months Of the 254 patients who had a laboratory determination at 6 months, 235 were followed for at least 2 years; during this interval, 59 (23.2%) subjects died. Serum chloride at 6 months showed an AUC (95% CI) of 0.69 (0.63-0.75) for discriminating patients who died during the 2-year follow-up. A serum chloride at 6 months # 100 mM/L (Youden index) carried a sensitivity of 45.8%, specificity of 87.5%, and positive likelihood ratio of 3.7 for predicting 2-year mortality. The difference in serum chloride between baseline and 6 months showed an AUC of 0.69 (0.61-0.78); meanwhile, serum sodium, BUN, and creatinine at 6 months revealed an AUC (95% CI) of 0.60 (0.50-0.69), 0.67 (0.59-0.75), and 0.61 (0.53-0.70), respectively, for predicting 2-year mortality.
A serum chloride level # 100 mM/L at 6 months tracked with increase mortality in a Cox survival model adjusted by age, sex, PVR, and use of diuretics at 6 months (HR, 2.36; 95% CI, 1.52-3.68) (Fig 1A) . Serum chloride # 100 mM/L at 6 months remained a significant predictor of mortality even when adding to the model treatment with parenteral prostacyclin analogues, serum creatinine, and sodium measured at 6 months (HR, 1.83; 95% CI, 1.11-3.00) (Fig 1B) . Furthermore, these results remained significant even when using estimated glomerular filtration rate instead of creatinine (HR, 2.07; 95% CI, 1.24-3.44) or including in the model number of PH-specific therapies (0-3) taken at 6 months (HR, 1.72; 95% CI, 1.04-2.85). The negative impact on long-term survival of a serum chloride level # 100 mM/L was sustained when only considering the subgroup of Diuretics at baseline included furosemide (n ¼ 66), bumetanide (n ¼ 4), hydrochlorothiazide (n ¼ 13), and/or spironolactone (n ¼ 18). At 6 mo, patients received furosemide (n ¼ 100), bumetanide (n ¼ 5), hydrochlorothiazide (n ¼ 14), and/or spironolactone (n ¼ 30). At baseline and 6 months, a total of 19 (7.6%) and 28 (11%) patients received two diuretics. patients who were not receiving diuretics at the time of the 6-month laboratory determination (data not shown). A serum chloride level # 96 mM/L at 6 months also tracked with increased mortality in a Cox survival model adjusted by age, sex, PVR, and use of diuretics at 6 months (HR, 2.95; 95% CI, 1.51-5.78). Serum chloride # 96 mM/L at 6 months remained a significant predictor of mortality after adding to the model treatment with parenteral prostacyclin analogs, serum creatinine, and sodium measured at 6 months (HR, 2.03; 95% CI, 1.00-4.33).
We created four subgroups of patients based on serum chloride concentration > 100 or # 100 mM/L at diagnosis and 6 months. A total 171 (67%) patients had serum chloride levels > 100 mM/L at diagnosis and 6 months, 30 (12%) had chloride levels # 100 mM/L at diagnosis only, 27 (11%) had chloride levels # 100 mM/ L at 6 months only, whereas the rest (n ¼ 26, 10%) had serum chloride levels #100 mM/L at both time points. In the Kaplan-Meier survival analysis, we noted a separation (log rank test, P < .001) between individuals with Cl # 100 mM/L at 6 months compared with those with Cl > 100 mM/L both at diagnosis and 6 months or Cl # 100 mM/L at diagnosis only (Fig 2A) . In a Cox survival analysis adjusted for age, sex, PVR, and use of diuretics at diagnosis and 6 months, we also observed that individuals with serum chloride # 100 mM/L at 6 months did worse, irrespective of the chloride level at baseline (Fig 2B) .
Factors Associated With Serum Chloride Levels 6 Months After PAH Diagnosis
Patients with serum chloride level # 100 mM/L at 6 months were older, had higher prevalence of diabetes and hypertension, walked less in the 6-min walk test, had worse renal function, took more diuretics, and had larger left atrium and higher PAWP but lower mPAP, transpulmonary gradient, and PVR (Table 4) .
Discussion
In a relatively large cohort of patients with wellcharacterized idiopathic or heritable PAH, we evaluated whether the serum chloride concentration either at the diagnostic RHC or at 6-month follow-up predicts longterm mortality. We noted that the prevalence of hypochloremia (chloride # 96 mM/L) at PAH diagnosis and 6-month follow-up was low (w6%). At the time of PAH diagnosis, serum chloride levels did not significantly affect long-term survival; however, a lower serum chloride 6 months from PAH diagnosis or a decrease in serum chloride during the first 6 months after diagnosis was a significant predictor of long-term mortality, even when adjusted for the use of diuretics or parenteral prostacyclin analogs, serum creatinine, and sodium. A lower serum chloride at 6 months was associated with older age, worse functional capacity and renal function, and a larger left atrium and higher PAWP.
Chloride is an essential anion that helps maintain electrical neutrality, osmotic tone, and acid-base Figure 1 -Cox survival analysis stratified on a serum chloride level # 100 or > 100 mM/L 6 months from the diagnostic right heart catherization. A, Serum chloride # 100 mM/L at 6 months tracked with increase mortality when adjusted by age, sex, pulmonary vascular resistance, and use of diuretics at 6 months. B, This significant difference was sustained when including in the model treatment with parenteral prostacyclin analog, serum creatinine, and sodium measured at 6 months. Cum ¼ cumulative; HR ¼ hazard ratio.
chestjournal.org balance. 15 Serum chloride determinations are broadly available and a low level may reflect dilution (water gain), depletion (urine loss from renal wasting or diuretic effect), or a response to an acid base disturbance (eg, conditions leading to high serum bicarbonate). Serum chloride plays a role in (1) neurohormonal activation by suppressing plasma renin activity and (2) sodium homeostasis by participating in renal salt sensing, tubuloglomerular feedback, and regulation of sodium transporter pathways through phosphorylation of serine-threonine kinases. [16] [17] [18] [19] [20] The value of a low serum chloride remained unnoticed until a series of studies in patients with left heart failure showed that a lower serum chloride is associated with increased mortality and that this determination performed better than serum sodium in predicting outcomes. [9] [10] [11] 21 Hypochloremia in left heart failure is attributed to renal wasting of chloride relative to sodium, diuretic resistance, and maladaptive neurohormonal activation (increase in arginine vasopressin and renin-angiotensin-aldosterone system).
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Up to this point, there have been no investigations testing whether lower serum chloride carries poor prognosis in PAH. Patients with right heart failure commonly have hypervolemia in part related to neurohormonal activation 22 and increased sympathetic activity. [23] [24] [25] In our study, we noted that at the time of PAH diagnosis, serum chloride was associated directly with serum sodium and inversely with serum creatinine, BUN, bicarbonate, and NT-pro-BNP, as seen in patients with left heart failure. 9, 11, 18, 21, 26, 27 In our cohort, a serum chloride level # 96 mM/L was uncommon; however, chloride levels above this cutoff appear to offer valuable information. In fact, subjects with serum chloride levels # 100 mM/L, 6 months after the diagnostic RHC, were older, had decreased functional capacity, worse renal function, and higher use of diuretics. These conditions suggest a congestive state with a more pronounced neurohormonal activation and cardiorenal dysfunction. 10, 11, 21, 27 Furthermore, we noted that patients with serum chloride # 100 mM/L at 6 months had a higher baseline PAWP, larger left atrium, and higher prevalence of diabetes mellitus and hypertension, conditions that may suggest a degree of overlap with group 2 PH in these subjects.
We found that a lower chloride level at 6 months but not at the time of PAH diagnosis predicted long-term mortality. Of the serum determinations recorded at the time of PAH diagnosis, only serum creatinine and BUN significantly affected survival. It is possible that in this treatment naïve cohort, the initiation of PAH-specific therapies mitigates its prognostic value. However, over the course of the first 6 months, the change in serum chloride may reflect variations in the volume status, renal function, and neurohormonal axis. In fact, serum chloride increased at 6 months in patients who received parenteral prostacyclin analogues. A low serum chloride may indicate a more pronounced neurohormonal activation and renal dysfunction that track with the severity of cardiopulmonary derangements and affect prognosis. 22 Depletion in serum chloride from renal losses in patients taking diuretics is certainly possible; however, in our analysis, we did not find a significant association between the use of diuretics, the type, doses, or number of diuretics and the change in serum chloride at 6 months. A study in patients with acute decompensated left heart failure and volume overload showed that a new or persistent hypochloremia at 2 weeks was associated with reduced survival in contrast with subjects in whom the hypochloremia resolved. 19 Similarly, in our study, individuals in whom a lower serum chloride improved over the course of 6 months had a better survival than those with lower serum chloride that persisted at 6 months or appeared de novo.
Limitations of the present study include: (1) given the post hoc nature, limitations inherent to retrospective data analysis are therefore applicable, (2) a total of 38 (13%) did not have serum chloride levels tested at 6 months, (3) NT-pro-BNP was not used as a covariate in our models given that this determination was available in only 91 (35%) patients at the time of PAH diagnosis; and (4) results may not be pertinent to other PH groups or causes of PAH beside the idiopathic or heritable form. 13 In the present study, we used a serum chloride cutoff of 100 mM/L (based on Youden index) instead of 96 mM/L (commonly used in the literature to define hypochloremia) given the limited number of patients (n ¼ 15) with serum chloride levels # 96 mM/L. In spite of these limitations, this is the first study to assess the predictive value of serum chloride at the time of diagnosis and at 6 months in a cohort of wellcharacterized patients with idiopathic or heritable PAH. In fact, a serum chloride level # 100 mM/L at 6 months showed a good specificity (87.5%) for identifying patients that died over the course of 2 years. Although we showed that a lower serum chloride levels at 6 months from PAH diagnosis are associated with worse survival, it remains critical to better understand the underpinnings of this electrolyte abnormality to be able to intervene with safe and effective treatments (eg, sodium-free chloride salts such as choline chloride or lysine chloride 18 ).
Conclusions
Serum chloride at 6 months from PAH diagnosis is a strong and independent predictor of mortality in patients with idiopathic or heritable PAH, even when adjusted by serum sodium levels, renal function, and diuretic or parenteral prostacyclin analog use. Consistent with studies in left heart failure, a lower serum chloride level tracked with worse functional class and renal function as well as more frequent use of diuretics.
